Abstract This paper reports on oxygen reduction activity and methanol tolerance of PtV/C prepared by a polyol method and the effects of heat treatments in reducing environments at low temperatures (up to 300°C). The as-prepared catalyst showed a low content of alloyed vanadium, but it was considerably more active for the oxygen reduction reaction than Pt/C and had superior methanol tolerance. Dispersive X-ray absorption spectroscopy measurements around the Pt L 3 edge indicated that the presence of vanadium in the catalyst increased the Pt 5d-band vacancy at the time that it seems to diminish the Pt coverage by adsorbed OH species. Heat treatments at 150, 200, and 300°C carried out in strongly reducing conditions produced minor changes in the degree of alloying together with a moderate particle growth. The largest incorporation of vanadium in the alloyed phase was observed after heating at 150°C while a decrease in the alloying and Pt segregation to the surface were observed for higher treatment temperatures. In general, heat treatments were detrimental for oxygen reduction activity, suggesting that the presence of vanadium oxides might play a role. In addition, the decreased in methanol tolerance might be associated to Pt segregation to the surface.
Introduction
Proton exchange membrane fuel cells (PEMFC) and direct alcohol fuel cells (DAFCs) are devices that convert chemical energy into electricity that are suitable for vehicle and portable applications [1] . Nonetheless, improvements of performance are yet essential to make the generation of electrical power from fuel cell systems more efficient and affordable. Among them, more efficient cathode catalysts are necessary to overcome the substantial overpotential losses associated to the sluggish kinetics of the oxygen reduction reaction (ORR). Towards that end, a great deal of research was carried out over the past decades involving Pt-based materials as well as Ptfree catalysts [2] . However, because Pt-free materials do not have high activities and, in many cases, lack stability [3] , Ptbased catalysts still are the catalysts of choice for cathodes of PEMFCs and DAFCs.
A large number of studies of ORR was conducted on carbon-supported binary catalysts that combined Pt with 3d transition metals, such as PtNi [4] [5] [6] , PtCo [6] [7] [8] , PtFe [6, 9, 10] , and PtCu [11] [12] [13] . In most cases, these Pt-based materials exhibited larger activities for the ORR than pure Pt [14] , which has been interpreted in terms of more favorable Pt-Pt nearest-neighbor distance [15] , changes in the Pt 5d-band occupancy [16] and of a decrease in OH coverage promoted by the second metal [16] or by transition metal oxides [17] . In addition, the ORR activity of Pt-based catalysts depends on the second metal chosen [18] and might be significantly influenced by properties such as nanoparticle shape, composition, etc. [19] . Besides the numerous studies of the ORR that were performed on carbon-supported Ptbased catalysts, significant contributions towards the understanding of fundamental aspects of ORR electrocatalysis came from studies carried out on model systems such as extended alloys [20] . Other contributions came from theoretical approaches. For instance, density functional theory calculations made for Pt(111) suggested that the origin of the overpotential for Pt might be related to the stability of adsorbed oxygen at high potentials [21] .
Many Pt-based bimetallic catalysts are also better that pure Pt regarding alcohol tolerance [22] . This latter property is particularly relevant in the case of direct methanol fuel cells (DMFCs) where the crossover of the alcohol through the polymer electrolyte to the cathode compartment is still one major problem. Because the cathode potential is high, the oxidation of methanol taking place simultaneously with the ORR causes a mixed potential that severely affects the cell performance.
Pt-based bimetallic catalysts containing more difficult to reduce and more oxophilic early 3d transition metals were studied to a much lesser extent. The amount of published papers reporting the preparation of carbon-supported PtCr for ORR electrocatalysis is relatively modest [23, 5, 24-26, 6, 27] , while the incorporation of Cr into the Pt lattice forming an alloyed phase seems to be the exception rather than the rule and its effects are still controversial [28] . An even lower number of studies of ORR involved PtV catalysts [29, 26, 30, 6] . Catalysts for ORR have been often heat treated at high temperatures (>500°C) in reducing atmosphere (pure or dilute H 2 ) to promote alloy formation, with the disadvantage of producing also substantial particle growth [31] .
Even though studies of PtV catalysts are rather scarce, published data indicate that ORR activities are larger than for Pt/ C. The activity of commercial PtV/C catalysts for ORR was evaluated for as-received and heat-treated samples in H 2 SO 4 [29] and KOH [26] solutions as well as in PEM fuel cells [30] . To the best of our knowledge, ORR studies on noncommercial PtV catalysts were only done in 0.1 mol L −1 HClO 4 [6] and in H 3 PO 4 solutions [32, 33] .
In this paper, we studied the catalytic activity towards the ORR of as-prepared PtV/C synthesized by a polyol method as well as the effects of heat treatments at low temperatures on ORR catalytic activity and methanol tolerance.
Experimental details
For the synthesis of the catalysts, colloidal PtV nanoparticles of nominal atomic compositions Pt:V 1:1 (in atoms) were first obtained in dioctyl ether by a polyol method [34] , with some minor modifications [35] . Concisely, the metal precursors (acetylacetonates) and the reducer (1,2 hexadecanediol) were dissolved in dioctyl ether and the solution was then heated under Ar atmosphere. Capping agents (oleic acid and oleylamine) were added to the mixture at 110°C, and then heating was maintained until reaching the temperature of reflux (298°C) that was kept for 30 min. After that, heating was stopped and the reaction mixture was allowed to cool to ambient temperature. The nanoparticles were thoroughly washed before supporting them on carbon powder (Vulcan XC-72, Cabot) as described elsewhere [35] . Thermal treatments were done at low temperatures (150, 200, and 300°C) under pure hydrogen flow during 30 min. These rather mild conditions were chosen to minimize particle growth while portions of the same sample of as-prepared catalyst were heat treated so the overall composition was the same. For all catalysts, the metal loading was 20 wt.%. A Pt/C commercial catalyst (20 wt.%, E-TEK) was used as reference sample. All chemicals (Aldrich) were used as received.
Samples were characterized by X-ray diffraction (XRD) using a Rigaku, model D Max2500 PC diffractometer. Scans were done at 1 min −1 for 2θ values between 15 and 100°using
Cu Kα radiation (λ = 1.5406 Å). Transmission electronic microscopy studies were carried out using a Philips CM 200 microscope operating at 200 kV. In situ dispersive X-ray absorption spectroscopy (DXAS) experiments around the Pt L 3 edge (11,564.25 eV) were performed at the DXAS beam line of the Brazilian Synchrotron Light Laboratory (LNLS) [36] . The operation conditions were similar to those reported elsewhere [37] . The catalysts were used in the form of pellets with 6 mg cm −2 Pt loading. The measurements were taken in a spectroelectrochemical cell at constant applied potential in 0.5 mol L −1 H 2 SO 4 solution.
Electrochemical measurements were made in a conventional electrochemical cell, with a Pt wire counter-electrode placed in a separate compartment and a reversible hydrogen reference electrode. The catalysts were used as ultra-thin layers (metal loading of 28 μg cm All experiments were carried out at 25°C.
Results and discussion
As-prepared PtV/C
The X-ray diffraction pattern for the as-prepared PtV/C is presented in Fig. 1 , where the pattern for Pt/C is included for comparison. The diffractogram of the PtV/C sample shows peaks at 2θ values around 40, 46, 67, and 81°typical of the face-centered cubic (fcc) Pt structure (PDF 4-802), as well as a wide signal at 25°characteristic of the [002] planes of graphitic carbon. The mean crystallite size was estimate by Scherrer's equation using the [220] diffraction peak and found to be 2.8 and 2.5 nm for PtV/C and Pt/C, respectively. For PtV/C, diffraction peaks are slightly shifted towards higher values of 2θ compared to those of Pt/C. Because partial substitution of Pt by atoms of smaller radii produces a contraction of the lattice, the shift in peak position can be taken as evidence of the formation of a PtV alloy. The lattice parameters were estimated from the [220] diffraction signal and were found to be 3.927 Å for Pt/C, in good agreement with literature values [38] and 3.917 Å for the PtV/C catalyst, i.e., only slightly smaller than for Pt/C. The atomic fraction of a second metal (M) in an alloyed phase can be estimated from Vegard's law:
where a is the experimental value of the lattice parameter of the bimetallic alloy, a o is the lattice parameter of the base metal, and a M is the lattice constant of the second metal. Eq. (1) implies that both pure metals and the alloy have the same crystal structure. In many cases, the second metal does not have a cubic structure as Pt, and then it is more convenient to take a PtM solid solution as reference material. Then, the atomic fraction of second metal in that alloy (α) must be introduced in Eq. (1) as correction factor:
The amount of vanadium in the alloyed phase was calculated from the lattice parameter obtained for PtV/C (a), with a o = 3.927 Å, a alloy = 3.90 Å for the PtV solid solution of composition 90:10 [39, 40] and α = 0.1, and it was found to be 4.5 % (in atoms). According to the data for the PtV system published by Waterstrat [39] and later confirmed by Okamoto [40] , a lattice parameter of 3.917 Å corresponds to an alloy containing about 5 % of vanadium atoms. The small amount of alloyed vanadium indicates that it is mostly in the form of oxides.
TEM studies revealed that PtV nanoparticles were homogeneuosly distributed on the carbon support. A typical micorgraph and the particle size histogram are shown in Fig. 2 . The mean particle diameter was 3.7 ± 0.3 nm while the narrow particle size distribution indicates that PtV nanoparticles were monodispersed (σ < 10 %) [41] . For the 20 % Pt/C commercial catalyst used as reference particle size distribution was wider and centered about 3.5 nm, in agreement with previously reported data [42] .
Cyclic voltammetry curves shown in Fig. 3 evidence that the charge of oxidation of adsorbed hydrogen is significantly smaller for the PtV/C catalyst than for the Pt/C material. The small charge involved in the CV curve of PtV/C is likely to be due to the presence of vanadium atoms on the surface in the form of a PtV-alloyed phase as well as to segregated amorphous vanadium oxides. Nevertheless, the CV curve for PtV/ C prepared in this study (Fig. 3) has similar shape and charges as compared to those published for a catalyst prepared in a similar manner (Supporting Information of [6] ). Because no contribution of vanadium or its oxides to the faradaic current should be expected in the potential region of hydrogen adsorption/desorption [43, 44] , the Pt surface area can be estimated from the charge of oxidation of UPD hydrogen, after accounting for the double-layer charging and assuming, as usual, that a monolayer involves a charge of 0.210 mC/cm 2 [45] . The Pt surface area values found were 24.8 cm Figure 4a depicts a typical ORR polarization curve for asprepared PtV/C catalyst compared with that of Pt/C, where current densities are normalized to the geometric area of the glassy carbon disk substrate. Masa et al. [46] have recently modeled the behavior of a RDE with its surface modified by nanoparticles and demonstrated that the polarization curves for two materials with the same intrinsic activity will show different half-wave potential (E 1/2 ) if they have different electroactive surface areas. Moreover, E 1/2 will be more positive for the material with the higher area. Thus, it should be noted that the two curves of Fig. 4a are quite similar despite the significantly lower electroactive Pt area of the PtV/C material, indicating that this catalyst has a significantly higher ORR activity. The kinetically controlled current (i k ) was calculated using the Koutecky-Levich equation:
where i is the current measured in the polarization curve and i L is diffusion limited current. To obtain the specific activity, i k values were normalized by the Pt electrochemically active area of the catalyst that was estimated by the integration of adsorbed hydrogen oxidation charges, after correcting for double-layer charging. A comparison of specific activity for PtV/C and Pt/C at 0.90 and 0.85 V is shown in Fig. 4b , , as usually observed for Pt [47] and Pt-based catalysts [48] .
So far, there is no consensus regarding the origin of the enhanced activity of Pt alloys. In some cases, interpretations considered mainly structural properties, such as the Pt-Pt nearest-neighbor distance [15] or the presence of a Pt skin [16] . In other cases, electronic properties were invoked to interpret an ORR enhanced activity, while explanations were given in terms of a larger Pt d-band vacancy [16] as well as based on a lower one [29, 8] . In the former case, it was argued that an enhanced ORR activity would be promoted by a stronger interaction of adsorbed O 2 with Pt which would make the O-O bond breaking easier [16] . In contrast, the effect of a larger occupancy of the Pt 5d-band was interpreted as beneficial for the ORR considering that it would weaken adsorption of oxygenated intermediate species produced after the breaking of the O 2 molecule [29, 8] . ; T = 25°C. Note the different current scale for commercial Pt/C catalyst In order to get further insight on the catalyst properties relevant to ORR electrocatalysis, the electronic characteristics were determined in situ by dispersive X-ray absorption spectroscopy (DXAS) experiments carried out around the Pt L 3 edge (11,564.25 eV). Figure 5a shows the normalized absorption spectra obtained at different applied potentials for PtV/C in 0.5 mol L −1 sulfuric acid solution at 25°C. Similar curves were obtained for Pt/C (not shown). Data analysis was performed by using the method of Shukla et al. [49] to integrate the signal at the absorption edge (the so-called white line). The integrated intensity, which is proportional to the vacancy of the Pt 5d-band, is shown as function of the applied potential in Fig. 5b . The white line integrated intensity grows as the applied potential increases, which results from the adsorption of oxygenated species on the Pt surface [50] . In a general manner, DXAS data show that the integrated values are larger for PtV/C than for the Pt/C reference sample indicating that the presence of vanadium lead to an increase in the Pt 5d-band vacancy and that despite the rather low content of alloyed vanadium, the difference appears to be significant. This observation is in agreement with data reported for metals such as Fe, Co, and Ni [9, 10, 51] at the time that differs from the conclusions of Santos et al. for heat-treated commercial PtV/C catalysts [29] . Figure 5b also shows that the rise of the integrated absorption signal with applied potential is less marked for PtV/ C than for Pt/C. Keeping in mind that such a rise is attributed to adsorption of oxygenated species on the Pt surface [50] , data suggest that the oxidation of Pt in the PtV/C catalyst is less favored [17] . This is in agreement with theoretical calculations that indicate that the formation potential of adsorbed OH is significantly dependent on the subsurface composition [52] . According to literature, the blockage of surface sites by adsorbed OH species inhibits the ORR and therefore, a decrease in OH coverage would enhanced ORR activity [20] . It is likely that both effects play a role on the ORR enhanced activity of the PtV/C catalyst.
Heat-treated PtV/C catalysts
Portions of the as-prepared PtV/C catalyst were treated in pure hydrogen atmosphere and at low temperatures (150, 200, and 300°C) in a tubular furnace. For the sake of simplicity, the samples will be referred to as PtV/C-150, PtV/C-200, and PtV/C-300.
TEM analysis revealed a moderate growth of the catalysts nanoparticles that remained homogeneously distributed on the carbon support. TEM images and histograms of particle size distribution are shown in Fig. 6 . In general, particle growth is commonly observed when Pt alloys are heat-treated although its extent is largely dependent on treatment temperature and time [37, 29, 30, 9] . XRD studies showed diffraction patterns similar to those of Fig. 1 , with small variations in the average crystallite size and slight changes in peak position. Table 1 summarizes the structural parameters calculated from XRD data. As it can be seen, for all heat-treated samples, the amount of alloyed vanadium is larger than for as-prepared PtV/C. It should be noted, however, that the largest incorporation of vanadium in the alloyed phase is observed for the PtV/C-150 catalyst while it decreases for higher treatment temperatures.
Electrochemical characterization by cyclic voltammetry evidenced variations of charge in hydrogen adsorption/ dessorption region (Fig. 7) , indicating that heat treatment promoted some Pt segregation to the nanoparticles surface. The increase of Pt electrochemically active area was larger for treatment at 150°C. For the PtV/C-300, a slight decrease in Pt active area was observed, most likely associated to particle growth.
Differences in ORR specific and mass activity were observed for these catalysts (Fig. 8) , which are, in general, more active than Pt/C. The ORR studies carried out by Santos et al. [29] using a commercial catalyst showed the largest specific activity after heat treatment in H 2 at 300°C, the lowest temperature used in their study. Studies done by Sasaki et al. [17] showed an enhancement of ORR activity for niobium oxide-supported platinum, which was attributed to a decreased OH adsorption on Pt resulting from lateral repulsion with oxide surface species. Thus, the possibility of vanadium oxides playing a relevant role in ORR catalysis should not be discarded.
Methanol tolerance was evaluated from RDE experiments done in O 2 -saturated acid solutions containing 0.1 mol L −1 methanol. A comparison of currents measured at 0.85 V in the absence and in the presence of the alcohol is shown in Fig. 9 . For PtV/C, the current measured at 0.85 V in methanol-containing solution drops to about 32 % of its value in methanol-free environment. As it can be seen, current losses are larger for heat-treated catalysts. It should be mentioned that despite the considerable loss of current due to the presence of the alcohol, PtV materials showed superior methanol tolerance than Pt/C.
Effect of the reducing environment on the amount on alloyed vanadium
The results presented above indicate that low-temperature treatments in a pure H 2 atmosphere promoted an increase in the incorporation of vanadium into the Pt lattice comparison with the as-prepared material. However, as shown in Table 1 , that increase in alloying decreases for increasing treatment temperature. Analysis of data reported in the literature for heat-treated commercial PtV/C revealed the lack of clear trends. On one hand, different values of lattice parameter for as-received commercial PtV/C catalyst were reported [29, 30] , despite the fact that nominal composition and supplier were the same. For treatments in pure H 2 , a decrease in the lattice constant was reported for catalysts heated at 500 and 850°C [30] , while larger values that indicated a decrease in the content of alloyed vanadium were found for the commercial PtV/C catalyst heat-treated at 300, 500, and 850°C [29] .
Seeking further understanding of the structural changes taking place below 300°C, some experiments were carried out at the D10-XPD beam line of the Brazilian Synchrotron Light Laboratory (LNLS). The sample was placed inside a furnace under a flow of 10 mL min −1 of 5 % H 2 /He mixture, and diffraction patterns were collected either as a function of time at constant temperature or as a function of temperature These experiments revealed that structural variations of PtV nanoparticles are not solely dependent on the temperature of treatment as they also depend on the strength of the reducing atmosphere. While heating under mild reducing conditions (5 % H 2 /He mixture) appear to promote a gradual dealloying of vanadium (Fig. 10) , under pure H 2 atmosphere, the amount of alloyed vanadium was found to be larger than for untreated PtV/C (Table 1) for all three heating temperatures (150, 200, and 300°C). The phase diagram of the PtV system [39, 40] is quite complex but shows clearly that a Pt phase is stable over a wide composition region (from 0 to ca. 50 % V). In turn, depending on composition and temperature Pt could coexist with stable Pt 3 V and Pt 2 V phases as well as with a metastable Pt 8 V. Even though the lowest temperature in published phase diagrams is 400°C [39, 40] , the observed changes can be interpreted assuming that phases and bicontinuous regions are similar at lower temperatures. Then, the gradual vanadium segregation that took place during heating in 5 % H 2 /He mixture should come to not surprise because according to the phase diagram, the Pt phase is stable in the region of low vanadium content (c.a. below 10 % V). On the other hand, treatment in pure H 2 would result in a larger and localized availability of metallic vanadium due to the reduction of oxides, leading to vanadium incorporation into the Pt lattice. Comparison of data obtained in this work with literature [29, 30] allows rationalizing the different effects of heat treatments, which clearly depend on the strength of the reducing environment and temperature as well as on the amount of metallic and oxide vanadium initially present. The interplay of two effects (tendency to segregation and an increased availability of metallic vanadium) would also explain the increase in the amount of alloyed vanadium (Table 1) as well as the Pt enrichment of the surface apparent in the curves of Fig. 7 for materials heat treated in pure H 2 .
Conclusions
This study showed that carbon-supported PtV nanoparticles prepared by a polyol method have low content of alloyed vanadium and that ORR activity and methanol tolerance are substantially superior to Pt/C. Studies of the electronic properties indicated that the presence of vanadium promoted an increase in the Pt 5d-band vacancy and a reduction on coverage of adsorbed OH species. It is likely that both effects play a role on the enhanced ORR activity of PtV/C. Heat treatments up to 300°C in strongly reducing environment (pure H 2 ) produced a slight increase in the amount of alloyed vanadium and Pt enrichment of the surface and were detrimental for ORR activity and methanol tolerance. Dealloying observed for catalyst heated under mild reducing conditions (5 % H 2 / He mixture) demonstrated that, in the composition region of this study, the structural changes produced by lowtemperature heat treatments are different depending on the strength of the reducing environment. 
